This paper proposes an efficient implementation structure for the wideband multi-beam forming network in beamspace adaptive array for wideband signals. The filter coefficients of the beamforming network are represented as sum-of-powers-to-two coefficients (SOPOT) and are implemented using the multiplier block technique. The SOPOT representation allows the coefficients to be implemented as limited number of adders and shifters without any multiplications. The redundancy in the SOPOT coefficients are further removed by the multiplier block technique to yield minimum adder realization. Design results showed that significant reduction in hardware complexity can be obtained by the proposed structure as compared with conventional direct form implementation.
introduced. More precisely, the coefficients of the beamforming network are represented in CSD which requires only limited number of additions and hardwired shifts for implementation. In addition, the number of additions to realize multiplications with the CSD Coefficients can further be reduced by implementing the multiplications as a multiplier block.
Multiplier block is an efficient method for performing the multiplications of a multiplcand with a set of fixed constant multipliers, by sharing subexpressions or immediate results common to the multipliers. In principle, it is possible to remove the redundancies in the constant multiplications leading to a minimum-adder-graph [ 11 ] with minimum adder realization. Design results show that the implementation complexity of the fixed beamforming network can be reduced drastically by the proposed technique. For example, with N sensors and L beams in the multibeam forming network each with a length-M FIR filter, the total number of multipliers required is LMN. For
On the other hand, if the coefficients are represented as SOPOT coefficients with 8-bit
I. INTRODUCTION
accuracy, then the proposed structure requires only 53 adders with an admirable frequency response. It should be noted that the proposed method is also applicable to the frequency invariance beamformer (FIB) in [6, 7] and the infinite impulse response (IIR) multibeam former in [8] [9] , which approximates the fixed finite impulse response (FIR) filters in the multibeam former network by IIR filters. The complexity is reduced by a factor of 56.9% for L=12,N=31,M =51. However, the implementation of the IIR filters is somewhat complicated due to their finite wordlength effect. In addition, the redundancy in the filter coefficients are not fully explored and the overall complexity still grows rapidly with the number of taps, beams and antennas in the multibeam network. Although the multiplier block technique can also be used to realize efficiently these IIR filters, we only consider the FIR case because of its simplicity mentioned above and the large amount of redundancy existing in the coefficients as we shall see later in Section IV. This paper is organized as follows: in section 11, the principle of the beamspace adaptive beamformer and the design of the fixed beamforming network are described. Section 111 is devoted to the proposed implementation of the beamforming network. This is followed by the design results in Section 1V.
Finally, conclusions are drawn in section V. To approximate a flat unit response for all frequencies f at a fixed direction 0, (either for receiving the desired signal or suppressing the interference by subtracting it from the main beam), the ideal response of H , ( f , e ) , up to a certain delay, should be , which is also used in this work. More precisely, a one dimension prototype filter with desired bandpass response and zeros at the center frequencies of other beams is first designed. It is then transformed by means of the transformation to obtain the frequency response of the fan filter.
BEAMSPACE ADAPTIVE BEAMFORMER USING
The frequency response of the fan filter in the grey area of Fig.   2 is set to zero, though it can be chosen arbitrary. An inverse discrete fourier transform is then applied to the sampled frequency response to obtain the desired filter coefficients. This 2-D impulse response is then windowed to obtain the final filter coefficients.
NOVEL IMPLEMENTATION OF THE
It can be seen from (1) 
L-l
k=O the closer the SOPOT approximation will be to the original real number. In practice, the number of non-zero terms is usually kept to a small number while satisfying a given specification so that the multiplication can be implemented by a limited number of shift and add (subtract) operations, giving rise to multiplierless realization. As mentioned earlier, the number of adders and 21 = 24 + 2' + 1 . This requires 3 adders and 3 shifts. If implemented in a MB, the multiplication of the input with the coefficient 3 will also be generated by decomposing 3 as 2' +1, requiring one addition. The multiplication with 21, however, can be simplified by re-using the intermediate result generated by the first filter coefficient '3' as 21 = 3 . 7 = 3.(Z3 -1) . Actually, the intermediate result, after multiplication by 3, is multiplied by 7, which requires one less adder than generating 21 directly. In principle, it is possible to remove all the redundancy found in the constant multipliers leading to a realization with the minimum number of adders. This can drastically reduce the number of adders required for realizing the multibeam forming network, as will be illustrated later in Section IV. A further saving can be obtained by grouping hl,k ( m ) with a fixed value of k and implement them as one multiplier block (MB#O, to MB#N-1 in Fig. 3) . Therefore all the redundancy in hl,k ( m ) , 
